Most cosmological simulations of galaxy evolution include active galactic nucleus (AGN) feedback, typically seeding black holes with masses of ≥ 10 5 h −1 M ⊙ when the dark matter halo exceeds a given threshold mass. Taylor & Kobayashi (2014) introduced a new model, which seeds black holes at 10 3 h −1 M ⊙ based on gas properties alone, and motivated by the channel of black hole formation due to the collapse of the most massive first stars in the Universe. We compare the black hole mass when the dark matter halo mass is 10 10 h −1 M ⊙ between the different seeding methods. We find that seeding based upon gas properties gives a distribution of black hole masses with log M BH /M ⊙ = (5.18 ± 0.54) when dark matter halo mass is 10 10 h −1 M ⊙ , consistent with the seeding criteria used in other simulations. However, the evolution of individual galaxies can be strongly affected by the different seeding mechanisms. We also find that the mean value of the distribution of black hole masses at a given halo mass evolves over time, with higher masses at higher redshifts, indicative of downsizing. Our results can inform more physically motivated black hole and AGN feedback models in cosmological simulations and semi-analytic models.
INTRODUCTION
The Λ Cold Dark Matter (ΛCDM) model is the currently accepted model of the structure we see in the present-day Universe. Cosmological simulations are based on the ΛCDM model as it successfully accounts for large-scale structure and the distribution of galaxies in the universe, the primordial abundance of hydrogen and helium, and the accelerating expansion of the Universe.
Active galactic nuclei (AGN) feedback is required in cosmological simulations to reproduce certain observations: cosmic star formation rate (SFR) (Booth & Schaye 2009; Vogelsberger et al. 2014; Taylor & Kobayashi 2014) , various downsizing phenomena -including the [α/Fe] relation of early type galaxies and mass and redshift dependences of the specific SFRs (Juneau et al. 2005; Thomas et al. 2005; Stark et al. 2013) . ΛCDM predicts that galaxies grow hierarchically: smaller galaxies are formed in dark matter haloes and merge to form bigger galaxies. This implies that the most massive galaxies should be younger and have high SFR. However, observations show that they, in fact, have low SFR at the present day and older stellar populations. This is ⋆ Email: ellawang@mso.anu.edu.au known as downsizing, and may be influenced by AGN feedback. In hydrodynamical simulations, AGN feedback can effectively quench star formation in massive galaxies. Thus, these large galaxies contain predominantly older stars once star formation is quenched. Mergers can suppress star formation by triggering AGN activity (e.g., Hopkins et al. 2008) , lowering the SFR of massive galaxies. Galaxy evolution can be studied via observations or simulations. Observations show us galaxy properties at one snapshot in time, for a large number of galaxies. However, we can only see individual galaxies at a single point in their evolution. Simulations give us the full history of a galaxy, but are limited by the number of galaxies that can be simulated. Semi-analytical models apply prescriptions for baryonic physics to pre-computed dark matter-only haloes and merger trees (Kauffmann et al. 1993; Cole et al. 1994; Bower et al. 2006; Croton et al. 2016) . This type of model has the advantage of being able to run large suites of models in relatively little time. The other method is to simulate baryonic processes directly, together with the structure formation by dark matter. This is more time-consuming, but the baryons and dark matter haloes evolve self-consistently. black holes co-evolve with their host galaxy. Many correlations between properties of the host galaxy and the central black hole are observed: bulge stellar mass (Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002; Marconi & Hunt 2003; Häring & Rix 2004; Sani et al. 2011) , stellar velocity dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002; Kormendy & Ho 2013) , luminosity (Kormendy & Richstone 1995; Marconi & Hunt 2003) , and Sérsic index (Graham et al. 2001; Graham & Driver 2007; Savorgnan et al. 2013) . Large volume hydrodynamical simulations (e.g., Illustris (Vogelsberger et al. 2014 ), IllustrisTNG (Weinberger et al. 2017 , and EAGLE (Schaye et al. 2015) ) place black hole seeds in massive dark matter haloes, then grow the black hole and introduce feedback. Taylor & Kobayashi (2014) adopted a different approach by seeding black holes based on gas properties (see Section 2 for more details), similar to the approach taken for Horizon-AGN (Dubois et al. 2012 (Dubois et al. , 2014 and SuperChunky (Habouzit et al. 2017) . Both black hole seeding models can successfully reproduce observed properties including those that depend directly on black hole mass, such as the Magorrian relation (Magorrian et al. 1998) , and indirectly, such as the stellar mass and star formation rate. However, black holes are seeded at different times in these models, and it is not clear how the different accretion and feedback histories can affect the evolution of individual galaxies. In this paper, we compare the black hole masses in dark matter haloes from our simulations to the black hole mass that would have been seeded by the method based on dark matter halo properties. In order to compare the two seeding methods fairly, we run a simulation with the same initial conditions and identical physics; apart from the seeding prescription. This method of comparison removes the complex effects of the different physical models of stellar and AGN feedback used in our simulations and others.
In this paper, we compare the seeding method used in the Taylor & Kobayashi (2014) model against those of EA-GLE, Illustris, and IllustrisTNG. In Section 2, we introduce the black hole seeding models in more detail, along with the comparison method. In Section 3, we present the results. Lastly, in Section 4, we discuss the implications of these results, and investigate for the spread of masses. The results of these comparisons can inform future models of black hole seeding.
METHODS

Our simulation
The simulation presented in Taylor & Kobayashi (2015a) , which we shall subsequently refer to as TK-IC1, is based on the smoothed particle hydrodynamics (SPH) code gadget-3 (Springel 2005) . The code has fully adaptive individual smoothing lengths and timesteps, and uses the entropy conserving formulation of SPH (Springel & Hernquist 2002) . Included in the simulation are baryonic processes relevant for galaxy formation and evolution: radiative cooling (Sutherland 2011), supernova feedback (Kobayashi et al. 2007) , and black hole physics (Taylor & Kobayashi 2014) . We employ a 9-year Wilkinson Microwave Anisotropy Probe ΛCDM cosmology (Hinshaw et al. 2013) Mpc (comoving) on a side with 240 3 particles of each of dark matter and gas, with masses MDM = 7.3 × 10 7 M ⊙ and Mgas = 1.4 × 10 7 M ⊙ . Photo-heating is given by a uniform and time-evolving UV background radiation field (Haardt & Madau 1996) . We also analyse a simulation with different initial conditions but identical physics; this simulation is referred to as TK-IC2, which represents a less clustered environment. Fig. 1 shows the gas and stellar surface density of TK-IC1 (left panels) and TK-IC2 (right panels).
Black hole seeding in TK
Due to the theory of primordial star formation and the observed first chemical enrichment, the most likely candidates for seed black holes (Volonteri 2010; Latif & Ferrara 2016) are the remnants of Population iii stars (Madau & Rees 2001; Bromm et al. 2002; Schneider et al. 2002) , the direct collapse of primordial gas (Bromm & Loeb 2003; Koushiappas et al. 2004; Agarwal et al. 2012) , or via a massive quasi-star formed from collisions in nuclear star clusters in the early Universe (Baumgarte & Shapiro 1999; Portegies Zwart et al. 1999; Devecchi & Volonteri 2009 ). In all black hole formation mechanisms, dense gas and inefficient cooling (to prevent fragmentation down to solar mass stars) are required. Thus, in Taylor & Kobayashi (2014) , black hole formation criteria used were such that black holes can form directly based on local gas properties, if gas particles satisfy:
where ρg is the gas particle density, ρc is a specified critical density, and Z is the gas metallicity. The gas density is calculated using the SPH kernel, chemical composition information is recorded on a particle-by-particle basis. In the data set analysed, ρc = 0.1 h 2 mH cm −3 (Taylor & Kobayashi 2014) . Once these criteria are satisfied, the gas particle is converted into a black hole with seed mass 10 3 h −1 M ⊙ . Seed black holes grow via gas accretion and mergers. There is no restriction on the number of black holes formed per halo.
Black hole seeding in other cosmological simulation suites
Some other cosmological simulations, such as Horizon-AGN and SuperChunky, take a similar approach to TK and seed black holes based on gas criterion, whilst others such as EA-GLE and Illustris seed black holes once the dark matter halo reaches a mass threshold. Horizon-AGN seeds black holes in dense regions at the center of galaxies using a seed mass of 10 5 M ⊙ ; a maximum of one black hole is seeded per galaxy (Dubois et al. 2012 (Dubois et al. , 2014 . SuperChunky seeds black holes in dense, low metallicity regions (Z < 10 −3.5 Z⊙), and uses a seed mass based upon an initial mass function (Habouzit et al. 2017) . These simulations differ only in their details from TK-IC1; the focus of this paper is to compare to simulations that use halo properties to seed black holes.
We compare our black hole and dark matter masses against Illustris, IllustrisTNG, and EAGLE. Illustris seeds black holes when MDM = 5 × 10 10 h −1 M ⊙ (where MDM is the dark matter mass), with a seed mass of MBH = 10 Sijacki et al. 2015) . IllustrisTNG seeds black holes when MDM = 5 × 10 10 h −1 M ⊙ , with seed mass Weinberger et al. 2017) . EAGLE seeds black holes when MDM = 10 10 h −1 M ⊙ , with a seed mass of MBH = 10 Schaye et al. 2015) . A summary of the different black hole seeding criteria and seed masses in the different simulation suites is provided in Table 1.
To seed based upon dark matter halo mass, dark matter haloes need to be identified on the fly. In EAGLE, Illustris, and IllustrisTNG, dark matter haloes are identified with a Friends-of-Friends (FoF) algorithm; typically dark matter particles within 0.2 times the mean separation of all dark matter particles are grouped together (Schaye et al. 2015) . If a halo exceeds a given threshold mass and does not already contain a black hole, a gas particle within the halo is converted to a black hole with the specified seed mass.
AGN feedback in TK
In TK-IC1, the gravitational softening length of the simulation is 1.125 h −1 kpc, so the small-scale physics of accretion onto black holes is not resolved; therefore, we model the AGN feedback using the Eddington-limited Bondi-Holy accretion rate, given by:
Bondi-Hoyle and Eddington accretion rates are given by:
where MBH is the black hole mass, G is the gravitational constant, c is the speed of light in a vacuum, ρ is the gas density local to the black hole, σT is the Thompson cross section, cs is the sound speed of the gas local to the black hole, v is the relative velocity between the black hole and local gas, mp is the proton mass, and α is a factor due to finite resolution of simulations. In TK-IC1, α = 1. Accreted material radiates energy as it falls onto a black hole, leading to a self-regulated accretion rate (Taylor & Kobayashi 2014 ) and reduced SFR in massive galaxies (Taylor & Kobayashi 2015a , 2016 Taylor et al. 2017) . In each timestep ∆t, a black hole produces an amount of feedback energy EFB, which is calculated using:
where ǫ f is the fraction of radiated energy that couples to the gas, and ǫr is the radiative efficiency of the black hole. For this simulation, ǫ f = 0.25 (Taylor & Kobayashi 2014) , and ǫr = 0.1 (Shakura & Sunyaev 1973 ) are adopted. The feedback energy is purely thermal and isotropic, distributed kernel-weighted to gas neighbour particles; the number of feedback neighbours is NFB = 72, which is the same for supernova feedback. The time-dependence of the feedback follows directly from the time-dependence of the accretion rate.
AGN feedback in other cosmological simulation suites
All these simulations use Eddington-limited Bondi-Hoyle accretion to model the black hole accretion rate as we do here (equations (2) - (4)). The feedback energy in these simulations follows the same functional form as equation (5), with EFB ∝Ṁacc. Other simulation suites use a modified Bondi-Hoyle accretion rate, different constants in the feedback energy, and different feedback modes. Different simulations use different α values in the BondiHoyle accretion rate (equation (3)) to account for the finite resolution of simulations. TK and IllustrisTNG both do not modify the Bondi-Hoyle equation and use α = 1 (Taylor & Kobayashi 2014; Weinberger et al. 2017) ; whilst Illustris uses α = 100 (Sijacki et al. 2015) , and EAGLE uses α = min(C
, which is a non-constant factor equivalent to the ratio of the Bondi and viscous time scales (Schaye et al. 2015) . The constants ǫr and ǫ f in the feedback energy (equation (5)) also vary between simulations. TK and EAGLE use ǫr = 0.1, whilst Illustris and IllustrisTNG use ǫr = 0.2. The way feedback energy is injected into the surrounding ISM also differs, this is determined by the feedback mode. TK and EAGLE only implement a thermal feedback mode, where ǫ f,therm = 0.25 in TK and ǫ f,therm = 0.15 in EAGLE; whilst Illustris and IllustrisTNG implement both thermal and kinetic feedback modes; with ǫ f,therm = 0.05, ǫ f,kin = 0.35 in Illustris; and ǫ f,therm = 0.35, ǫ f,kin = 0.2 in IllustrisTNG. These differences are summarised in Table 2 .
From equation (5) it can be seen that the product ǫrǫ f determines the amount of energy that couples to the gas. This value differs by at most a factor of 2.5 between the simulations considered, though the efficiency of feedback is also sensitive to the value of NFB used due to numerical overcooling (Dalla Vecchia & Schaye 2012). In EAGLE, feedback energy is stored until gas can be heated by at least some fixed temperature (Booth & Schaye 2009 ). The effective α that enters equation (3) is more varied, and is not constant in Table 2 . Modified Bondi-Hoyle, feedback energy constants, and feedback modes for TK, Illustris, IllustrisTNG, and EAGLE -the simulations compared in this paper. Effective α refers to the α term in the Bondi-Hoyle equation (equation (3)). ǫr is the radiative efficiency of the black hole. ǫ f,therm is the fraction of energy emitted thermally. ǫ f,kin is the fraction of energy emitted kinetically. The factor C −1
visc (cs/V φ ) 3 is equivalent to the ratio of the Bondi and viscous time scales (Schaye et al. 2015) .
EAGLE. However, we showed in Taylor & Kobayashi (2014) that the value of α does not affect the growth of black holes since the feedback is self-regulating, and so the different values of α in Table 2 should not influence our conclusions. Finally, we note that Illustris and IllustrisTNG include nonthermal feedback modes. Both adopt a kinetic mode, and Illustris has a further radiative feedback mode whereby the cooling rate of the gas is changed by changing its ionisation state. It is much less clear how these differences in the feedback model compared to TK affect the growth of black holes, however, since the models are calibrated to produce realistic galaxies we expect the impact on black hole growth to be small.
Data analysis
Given the different seeding conditions between these simulations, to make a comparison, we record MBH when MDM = 10 10 h −1 M ⊙ in TK-IC1 and TK-IC2 and compare the mean and distribution of MBH to the seed mass of other simulations. We define M
DM10 BH
as MBH when MDM = 10
as the redshift when MDM = 10 10 h −1 M ⊙ , and z
BH5
as the redshift when MBH = 10 5 h −1 M ⊙ . The gas, stellar, and black hole particles are associated with the group of their nearest dark matter particle neighbour. These groups are identified as galaxies in TK-IC1 and TK-IC2. However, we group dark matter particles within 0.02 times the mean seperation distance between dark matter particles together, this small seperation distance does not allow for an accurate determination of dark matter halo mass. Therefore, we adopt M200, defined as the mass within a spherical region centred on the galaxy whose average density is 200 times the critical density of the Universe, as the dark matter halo mass for each galaxy.
To make a comparison between the seeding method of the different simulations, we look at M (Table 1 ). In TK-IC1 and TK-IC2, we extract the black hole mass once the dark matter halo has grown to 10 10 h −1 M ⊙ to compare to EAGLE, and 5 × 10 10 h −1 M ⊙ to compare to Illustris and IllustrisTNG. 
RESULTS
We are interested in the correlation between black hole growth and dark matter halo growth, particularly in the mass region where black holes are typically seeded (see Table 1 
is fit to the data in Fig. 2 . The fit is shown with a solid line, fitted values are reported in Table 3 . In the top-right and bottom-right panels of Fig. 2 , we do not fit galaxies with MDM < 10 8 h −1 M ⊙ or MDM > 10 12 h −1 M ⊙ . This is because galaxies with low MDM are near the resolution limit of the simulation, galaxies with MDM > 10 12 M ⊙ are almost all satellite galaxies. The mean, standard deviation, skewness, and kurtosis (where kurtosis = 0 and skewness = 0 for a Gaussian distribution) of the data set is shown in Fig. 2 and reported in Table 3 .
We find that most black holes in TK-IC1 are consistent with those in other simulations. However, strictly speaking, most black holes in TK-IC1 are slightly more massive than in Illustris and EAGLE when the dark matter halo reaches 10 10 h −1 M ⊙ , as shown in the top-left panel of Fig. 2 . Therefore, when the black holes in this simulation reach 10 5 h −1 M ⊙ the associated dark matter haloes should Table 3 ). The vertical lines on top of each bin are the Poisson errors given by √ N scaled to a number density, where N is the number of galaxies in the bin. Table 3 . Mean, standard deviation, skewness, and kurtosis of the distributions shown in Fig. 2 . The fitted parameters of the 2nd order Gaussian given by equation 6.
be smaller than 10 10 h −1 M ⊙ , which is observed in the topright panel of Fig. 2 . These results imply that black holes reach 10 5 h −1 M ⊙ earlier than dark matter haloes reach 10 10 h −1 M ⊙ . This is reflected in Fig. 3 , which shows z In order to test whether these results are due to cosmic √ N scaled to a number density, where N is the number of galaxies in the bin. This data is from TK-IC1 with black holes of seed mass 10 3 h −1 M ⊙ , using gas properties as the seeding condition.
variance or not, we ran the simulation again with different initial conditions and repeated the analysis (TK-IC2 in Table 1). The distributions are shown in the bottom-left and bottom-right panels of Fig. 2 , with the first four moments of these data sets reported in Table 3 . We find that the mean and standard deviation of the histograms depend very little on the initial conditions, both values differing by ≤ 0.1. The skewness and kurtosis values are dependent on initial conditions, with skewness varying by ∼ 1 and kurtosis varying by > 1 between the simulations.
DISCUSSION
Differences due to seeding methods
In the previous section, we showed that M DM10 BH is consistent ( log M DM10 BH = 5.18) even though we apply a different seeding method compared to other simulations. However, the evolutionary histories of individual galaxies could still be different, and we show the differences in this subsection. Since the detailed properties of galaxies necessary for our analysis are not available for EAGLE or Illustris simulations, we show the impact of seeding with our simulations, keeping the initial conditions and other sub-grid physics exactly the same. Any difference we show here is directly or indirectly caused by the difference in the seeding.
In the Bondi-Hoyle accretion model,Ṁacc ∝ M 2 BH (equation 3). Therefore, assuming that the properties of the gas local to the black holes are the same in the different simulations, the factor by which the accretion rates differ is
In Illustris and IllustrisTNG, black holes are seeded when MDM = 5 × 10 10 h −1 M ⊙ ; in TK-IC1 this corresponds to MBH = 10
5.26 h −1 M ⊙ , and our estimate for the ratio of the accretion rates is 3.24 and 0.0506, respectively. These data are given in Table 4 .
For EAGLE and Illustris, the accretion rate ratios are close to 1, suggesting that the details of the seeding method do not strongly affect the subsequent evolution of the host galaxy. For IllustrisTNG, the ratio is much smaller, but this discrepancy may not last to late times since AGN feedback is self regulating (e.g., Sijacki et al. 2007; Dubois et al. 2012; Taylor & Kobayashi 2014; Schaye et al. 2015; Volonteri et al. 2016) . To test the effects of the seeding method on galaxy evolution more explicitly, we ran a simulation with the same initial conditions as TK-IC1, and a seeding mechanism that matched as closely as possible the one used in the Illustris and EAGLE simulations, leaving all other physics unchanged. We have developed our own subroutine of a parallel FoF finder, which was run on-the-fly during the simulation, with a linking length of 0.2 to find haloes whose dark matter mass exceeded 10 10 h −1 M ⊙ ; the gas particle closest to the centre of mass of such groups was converted into a black hole with seed mass 10 5 h −1 M ⊙ . This simulation was evolved to z ∼ 1, and the most massive galaxies were matched between this simulation and TK-IC1 for direct comparison. This match was done in both position and mass. We refer to this new simulation as TK-IC1-FoF.
We define the quantity
for X = M * , Mg, MBH,Ṁacc to compare the evolution of galaxy properties. In Fig. 4 , we show R averaged across galaxies as a function of time (lines correspond to mean values and ±1σ). In the top-left panel of Fig. 4 , we see that the stellar mass of galaxies is insensitive to the seeding method, especially at later times. At early times, galaxies in TK-IC1 contain numerous, low-mass black holes that efficiently delay star formation compared to TK-IC1-FoF where only a single, central black hole is present. Fig. 5 shows the median SFR of galaxies in a range TK-IC1 Seed Mass Factor difference in accretion rate Table 4 . Difference factor of accretion rate of black holes under the same M DM in the various simulations. For near-seed mass black holes, there exists a difference in mass, and thus a difference in accretion rate, assuming that these black holes inhabit galaxies with similar environments. Black holes in the Illustris simulation will grow the fastest, however, they will also release the most feedback energy, and thus may have longer periods where they self-regulate. of mass bins 2 for the simulations TK-IC1 and TK-IC1-FoF (solid black and dashed red lines, respectively). The delay in star formation is most apparent in the lowest mass bin; as galaxies grow in TK-IC1, black holes merge, and most massive galaxies host only one black hole (Taylor & Kobayashi 2014) . In the high mass bin, different strengths of AGN feedback due to the different black hole masses (see below) cause the small difference between the two simulations.
Analysing the other panels of Fig. 4 , Mg is also, on average, not strongly affected by seeding mechanism (top right panel). However, MBH is not consistent between the two simulations, with the discrepancy growing with time (lower left panel), and the galaxies of TK-IC1 hosting higher mass black holes at higher redshifts and lower mass black holes at z ∼ 1. The same trend is seen also for black hole accretion rate (lower right panel), though with much larger scatter.
These results seem to be at odds with Fig. 2 , in which M DM10 BH is slightly greater for TK-IC1 than a simulation with a FoF-based black hole seeding scheme. However, Fig. 2 shows the MBH for the same MDM at different times, whilst Fig. 4 shows the MBH for the same times but different MDM. Fig. 4 shows that the subsequent growth of the black holes is faster in TK-IC1-FOF than TK-IC1. Our earlier assumption that the gas properties local to the black hole in different simulations are the same is overly simplistic, and it is likely that early feedback from low-mass black holes in TK-IC1 lowers the gas density in galaxy centres (but does not expel gas from the galaxy; see top right panel of Fig. 4) , causing a lower accretion rate. With the FoF-based seeding method, the gas is able to build up in the galaxy centre before the black hole forms, leading to higher accretion rates and faster initial black hole growth. Therefore, the black holes, and by extension, the galaxies, evolve differently given different seeding methods due to the different conditions of the galaxies when the black holes are seeded.
Galaxy mergers are highly non-linear, and can exacerbate and exaggerate the differences in black hole growth in simulations with different seeding methods. We illustrate this in Fig. 6 , which shows R as a function of time for a single galaxy. At t < 2.5 Gyr, R ≈ 0 for all properties, meaning that the galaxy is evolving similarly in the separate simulations. The galaxy experiences a major merger at t = 2.5 Gyr, after which the black hole masses diverge in the different simulations. At t ≈ 3 Gyr, feedback from the rapid growth of the black hole in TK-IC1-FoF begins to affect the total gas content of the galaxy, and, to a smaller extent, its stellar mass. The expulsion of gas due to AGN feedback following the merger may have profound effects on the subsequent chemical evolution of both the galaxy and the in- tergalactic medium (IGM; Taylor & Kobayashi 2015b ); this will be investigated in detail in a future work.
The origin of downsizing
In the FoF seeding, black holes are seeded at a higher redshift in galaxies with a bigger MDM compared to galaxies with a smaller MDM, and thus cause AGN feedback earlier. However, with our seeding method, we do not choose the galaxy halo mass and thus there is no guarantee that we have downsizing due to quenching. In this subsection, we show that we do have downsizing with our method and explain the origin.
For TK-IC1, we consider the relationship between M DM10 BH and z DM10 , shown in the left panel; and the relationship between M BH5 DM and z BH5 , shown in the center panel of Fig. 7 . These figures reflect the redshift evolution of the same galaxies shown in the top-left panel of Fig. 2 and the redshift evolution of the top-right panel of Fig. 2 respectively. The upturn at lower redshifts in the center panel of Fig. 7 is due to satellite galaxies: the dark matter haloes of satellite galaxies are not separately identified from their host galaxies. The downturn at higher redshifts in the same figure is due to the resolution limit of the simulation. The left panel of Fig. 7 shows that M DM10 BH is larger for larger z DM10 . Thus, we see that black holes grow more quickly compared to their dark matter haloes at higher redshifts. The middle panel of Fig. 7 echoes this result, showing that galaxies with larger z BH5 have lower M BH5 DM . The right panel of Fig. 7 shows the relationship between M DM10 gas and z DM10 of the same galaxies as those shown in the left panel of Fig. 7 , where we observe the same increasing trend: higher z DM10 galaxies contain more gas mass. Also at higher z DM10 , the physical separation of particles is smaller (due to the expansion of the universe). This means that the density, ρ, of gas is higher in high-redshift galaxies. The Bondi-Hoyle accretion rate gives us thatṀacc ∝ ρM are larger for high-redshift galaxies, implying that the accretion rates of these galaxies are higher. Thus, black holes in high-redshift galaxies grow faster than black holes in low-redshift galaxies. Since black holes in high-redshift galaxies have a larger M DM10 BH , they quench star formation on a galactic scale before low-redshift black holes, leading to the observed downsizing effect.
SUMMARY AND CONCLUSIONS
State-of-the-art cosmological simulations seed black holes depending on dark matter halo mass or gas properties. These different seeding criteria produce black holes with different growth histories, and as a result, different accretion rates. The seed mass and thus accretion history of the black holes has significant impact on AGN feedback, especially in the early evolution of the Universe and the black hole's host galaxies.
In this study, we compared the predicted black hole masses from Taylor & Kobayashi (2014) to those imposed in the Illustris, IllustrisTNG, and EAGLE simulation suites, and discussed the implications of these results. We find that the black hole masses are consistent but the average is slightly larger in Taylor & Kobayashi (2014) than in the other simulations for galaxies with similar dark matter halo masses. Different seeding methods will produce populations of galaxies with statistically similar properties (such as M * , Mg) by z = 0, but the evolution of individual galaxies can be very different due to mergers. These differences may manifest themselves in the chemical properties of both galaxies and the IGM, observations of which must be reproduced by simulations.
We also find evidence for downsizing in TK-IC1, whereby black holes in galaxies at higher redshifts are more massive and grow more quickly compared to simulations with black hole seeding based on dark matter halo mass. This means that with gas-based seeding of stellar-mass black holes (the seeding method used in TK-IC1), star formation is quenched earlier in high-redshift galaxies compared to lowredshift galaxies.
The black hole seeding criteria should be reconsidered in hydrodynamical simulations. In this study, we find the distribution functions of M DM10 BH for a physically motivated seeding model. These distribution functions could be implemented in future cosmological simulations by drawing seed black hole masses from the distributions provided here.
